Modern commercial aircraft wings are far too large to be tested full-scale in existing icing wind tunnels and ice accretion scaling methods are not practical for large scale factors. Thus the use of hybrid scaling techniques, maintaining full-scale leading-edges and redesigned aft sections, is an attractive option for generating full-scale leading-edge ice accretions. The advantage lies in utilizing reduced chord models that minimize blockage effects in the icing tunnels. The present work discusses the design of hybrid airfoils with large scale factors that match the ice shapes of the full-scale airfoils predicted by LEWICE. Assessments of the effects of scale factor, extent of the full-scale leading-edge, nose droop angle, zero-angle of attack pitching moment coefficient (C m0 ), and droplet size are also presented. Hybrid or truncated airfoils are shown to produce ice shapes accurately, even at angles of attack different from the design angle of attack with the proper application of either flap, adjusted test angle of attack, or both. Further results suggest that hybrid circulation does not need to match full-scale circulation in order to match ice shapes, resulting in decreased loading for higher scale factor hybrid airfoils. Matching the flowfield around the hybrid airfoil to the full-scale flowfield provided a superior method for predicting ice shape agreement, stagnation point location being a first order and suction peak magnitude a second order parameter. This goal can be accomplished by varying the aft geometry, through C m0 and nose droop angle.
I. Introduction
IRCRAFT icing has been an ongoing topic of research in air transportation safety since at least the 1930s. With the development of computational fluid dynamics (CFD) in the 1970s came an opportunity for a deeper understanding of flowfields with ice accretions.
1 Two-dimensional airfoil ice shapes have been studied and characterized, but the ice shapes on three-dimensional wings and their aerodynamic effects are not fully understood, especially for wings with significant taper and sweep such as those encountered on modern commercial airliners.
The certification of commercial aircraft by the FAA, under the Icing Design Envelopes 2 of 14 CFR Parts 25 and 29 Appendix C, requires in-flight testing of the icing protection systems. This is a difficult task due to the challenge and expense of finding the appropriate atmospheric and icing cloud conditions, resulting in further support of CFD to aid in the design and analysis of ice protection systems. Nevertheless, computational models alone are not sufficient for understanding this problem, and icing wind tunnel testing is required especially when detailed ice shape geometries are required. However, full-scale modern wings are far too large to be tested in the existing icing wind tunnels. Simple geometric scaling of the wing model to fit in the icing tunnel and the application of existing ice accretion scaling methods applies only to moderate size models and scale factors and is bounded by the available tunnel speeds and droplet sizes. 3 Thus, an alternative and attractive method for reproducing accurate full-scale leading-edge ice shapes for large wings in existing icing tunnels is the use of hybrid (or truncated) airfoil models that have full-scale leading-edges with redesigned aft sections. This process provides icing models with much shorter chords, which reduce tunnel blockage effects while still maintaining droplet impingement characteristics and ice accretion representative of the full-scale wing.
Research on truncated airfoils began in the 1950s, maintaining a portion of the full-scale airfoil leading-edge geometry and adding a simple fairing or flap to the back. Ice shapes generated on these truncated designs were shown to match those produced by the full-scale airfoils. 4 The hybrid design method was developed in 1997 by Saeed, Selig and Bragg 5 to systematically design the hybrid airfoils for this purpose. This design process was welldocumented both computationally and experimentally for hybrid scale factors up to two by Saeed et al, 5 and computational studies of hybrid designs with scale factors greater than two were first documented by Mortonson. 6 The present work is part of a bigger research program that includes experimental and computational studies of 3D swept wings with ice accretions involving NASA, Boeing, and the FAA. 7 Thus, the full-scale airfoils used as a baseline for the design of the hybrid airfoils are from the 65% scale Common Research Model (CRM), referred to as the CRM65 in the remainder of this paper. The CRM was designed by engineers at Boeing and NASA 8 to represent a typical modern wide-body commercial transport with both computational and experimental data publicly available. It has been tested in the NASA Ames 11-ft wind tunnel as well as the National Transonic Facility. 9 The CRM was designed for a cruise Mach number of 0.85 at a Reynolds number of 40 million. It has an aspect ratio of 9.0, a taper ratio of 0.275, and a washout of 8.2 degrees from the side of body to wing tip. 8 The CRM65 has a span of 125.3 ft, a chord of 25.4 ft at the side of body, and a chord of 5.82 ft at the wing tip. The mean aerodynamic chord is 14.94 ft, and the wing area is 1,745 ft 2 . The wing is swept 35° at quarter-chord and is tapered with a Yehudi break at 37% of the span.
II. Design Method
Hybrid Airfoil Design PROFOIL, a multipoint inverse design code, developed by Selig 10 when used in this application allows for the control of the main design of the hybrid airfoil through three geometrical parameters: hybrid scale factor (SF), defined as the full-scale chord divided by the hybrid chord, and upper and lower leading-edge extents. An example of a hybrid airfoil with 10% lower and 5% upper leading-edge extent, and a scale factor of 2 is shown in Fig. 1 .
Figure 1. Geometric input variables for the hybrid airfoil design
Two additional design variables determine the aft section geometry: nose droop angle and zero-angle of attack pitching moment coefficient (C m0 ). The nose droop is the angle of the full-scale airfoil nose with respect to the modified aft section, which affects the camber distribution by changing the height of the trailing-edge relative to the leading-edge. Its values are generally between -6° and +6°, such that positive angles lead to a higher trailing-edge position. The C m0 controls the mean camber line curvature of the aft section without moving the location of the trailing-edge. It is generally between 0 and -0.5, such that the more negative the value, the more curvature it adds to the airfoil. Both parameters are illustrated in Fig. 2 . 
Computational Design Algorithm
A hybrid airfoil is designed to reproduce the leading-edge ice accretion by controlling the leading-edge flowfield (and thus the heat transfer) and droplet impingement at a specific angle of attack, with a model using a much shorter chord and consequently lower wind tunnel blockage. The computational integrated design workflow is presented in Fig. 3 . The process starts with the analysis of the inviscid flowfield and calculation of the pressure distribution (C p ) around the full-scale airfoil with XFOIL, 11 then the droplet trajectories and collection efficiency distribution (β) are computed with AIRDROP. 12 Once the droplet impingement limits are known, the user can determine the upper and lower full-scale leading-edge extents to be maintained for the hybrid airfoil. PROFOIL 13 is then used to design the aft section of the hybrid airfoil. The two most important design variables are the zero-angle of attack pitching moment coefficient (C m0 ) and the nose droop angle which determine the aft camber and trailing-edge height, respectively, as discussed in Fig. 2 . The aft section of the hybrid airfoil is merged with the leading-edge of the full-scale airfoil at the user-prescribed leading-edge extents. Once the hybrid airfoil is designed, it is analyzed with XFOIL 14 and AIRDROP to determine the resulting C p and β distributions in comparison with the full-scale airfoil. Adjustments to C m0 and nose droop often need to be made in order to perfect the hybrid design, making this an iterative process.
Finally, all designs are checked in a RANS CFD code (ANSYS Fluent) 16 to ensure there is no significant flow separation which could seriously affect the hybrid model performance. K-ω SST fully turbulent solutions were obtained, setting boundary conditions to specified velocity inflow and pressure outflow with a far-field domain stretching 10 chords away from the airfoil. The computations utilized an anisotropic triangular (T-Rex) boundary layer mesh 17, 18 around the airfoil to obtain a y + = 1. A typical mesh had about half a million nodes each.
Figure 3. Integrated hybrid airfoil design workflow

Ice Shape Comparison
While the aerodynamic (C p distributions over the leading-edge) and impingement (impingement limits and droplet trajectories which define the β curve) characteristics are important parameters for comparing the full-scale and hybrid airfoil performance, the most critical comparison between the full-scale and hybrid designs is the ice shape itself. To make this comparison, LEWICE, 19 developed by NASA, was used to predict the ice shapes and collection efficiencies on each of the hybrid designs.
From the aerodynamic point of view, flowfield characteristics such as C p distribution and circulation are representative of the airfoil flowfield that influences both droplet impingement and ice accretion. The airfoil circulation contributes to the curvature and path of the streamlines and droplets as they encounter the airfoil, which is especially important for small droplets, which are more sensitive to the flow. Generally, the hybrid designs require a lower circulation than the full-scale airfoils to achieve matched ice shapes, but the reduction in circulation is not a well understood parameter. 5 The C p distribution, which is directly related to surface velocity on the leading-edge, plays a role in determining the surface heat-transfer characteristics of the droplets and water-film freezing fraction on the airfoil's surface. In the C p plots, the location of the stagnation point and suction peak on the leading-edge of the airfoil as well as the suction peak C p are often used as indicators of matched leading-edge flowfield.
From the droplet impingement point of view, the β curve represents the water mass flux distribution on the airfoil and is generated by AIRDROP in the hybrid design method as implemented here. Additionally,  is also calculated by LEWICE in the calculation of the ice shape. This curve gives the upper and lower impingement limits, as well as the maximum impingement location and value.
Full-scale and hybrid airfoil ice shapes generated by LEWICE are extremely useful in evaluating the hybrid design at each angle of attack. These ice shapes are generated by defining the freestream velocity, median droplet diameter, airfoil chord, liquid water content, and temperature. There are six common parameters that are used to describe ice shapes quantitatively. 20 The three parameters that most significantly affect the aerodynamics 21, 22 are horn length, horn angle, and maximum ice thickness, while the other three variables (stagnation thickness, impingement length, and maximum width) help quantify the ice shape.
III. Results and Discussion
To complete a systematic evaluation of the hybrid design method for large scale swept wings, an initial baseline hybrid airfoil was designed, and from that standard design, trade studies were performed to determine the effects of varying the hybrid scale geometric parameters such as nose droop angle, C m0 , leading-edge extent, and scale factor. 23, 24 In addition, the performance was compared for different full-scale design angles of attack by varying the tested angle of attack and the presence and angle of a flap. The effects of flowfield parameters such as the stagnation point location and airfoil circulation on the ice shape were evaluated. Finally, all designs were checked for flow separation using 2-D Navier-Stokes solutions.
Initial Baseline Hybrid Design
The baseline full-scale airfoil for this study was chosen from the 64% semispan CRM65 location. The airfoil was taken in the normal direction (perpendicular to leading-edge) for this icing analysis purpose, applying infinite swept wing theory. 25 Note that the airfoil includes the local geometric twist angle of -1.1° relative to the aircraft. The baseline freestream icing conditions selected for this study include a temperature of 24.8°F (-4°C) and median volume droplet diameter (MVD) of 20 μm with a Langmuir-D distribution. 26, 27 On the full-scale airfoil this resulted in a horn ice formation for icing times greater than 10 minutes and with a large chordwise extent of the ice shape. The liquid water content, LWC, was 0.551 g/m 3 , and the flight speed used was 120 m/s which yields a speed of 95.17 m/s normal to the CRM leading-edge which is swept at 37°. These freestream conditions will be referred to as the Baseline Icing Conditions. The evaluation of wind tunnel effects by Bragg and Wells 28, 29 showed reduced effects of tunnel walls as tunnel height over model chord (h/c) increased above 2. The NASA Icing Research Tunnel has a test section of 6 ft (vertical) by 9ft (horizontal), which for a hybrid model mounted vertically would yield h/c = 2.64 for SF = 3, and h/c = 1.76 for SF = 2. 30 The SF of 2 was selected for the baseline hybrid design. The impingement limits for the full-scale airfoil at α = 4° and MVD = 20 μm are x/c 0 = 5.9% on the lower surface and x/c 0 = 0.1% on the upper surface for a monodisperse droplet size distribution, but x/c 0 = 15.0% and 0.6% for a Langmuir-D distribution due to the presence of larger droplets. Leading-edge chordwise extents of x/c 0 = 10% on the lower and 5% on the upper surfaces were selected.
The initial hybrid design for the baseline case has nose droop of -1° (down) and C m0 = -0.13, and both the fullscale and hybrid designs are presented in Fig. 4 . LEWICE was set to automatically select the number of time-steps per minute in these runs. Hybrid Design Parameters η = 64% SF = 2 LE lower extent x/c0 = 10% LE upper extent x/c0 = 5% Cm0 = -0.13
Effect of Droplet Size
All cases in the present work were run at the Baseline Icing Conditions described previously, except for the following droplet size study, in which the MVD was increased from 20 to 40 μm to check if the hybrid design done at an MVD of 20 μm still presents satisfactory performance in predicting full-scale ice shapes with the larger particles.
As the droplet size increases so does particle inertia, making the droplets less susceptible to aerodynamic forces applied by the surrounding flowfield. As a consequence, the larger droplets produce larger impingement limits and Although the ice shapes changed significantly for different MVD values, the hybrid design performance remained satisfactory in predicting the full-scale ice shape. Note that the hybrid design misses the left tail of the beta curve when compared to the full scale for MVD of 40 μm since it has only x/c 0 = 10% lower surface extent of the fullscale leading-edge. Yet, the ice shapes were closely reproduced, indicating the β curve tail contained little water mass and was not important in determining the overall ice shape. This becomes especially important as hybrid designs employ a higher SF since maintaining a larger portion of the full-scale leading-edge leads to a sharper angle where the leading-edge transitions to the aft end of the hybrid. Thus, larger SF hybrid designs are typically more susceptible to separation.
a) b) Figure 5. Effect of droplet size on a) Collection efficiency b) Ice shape
Effect of Zero Pitching Moment Coefficient and Nose Droop Angle
The zero pitching moment coefficient was varied by 0.13 around the baseline case of -0.13, while keeping nose droop angle, α, and SF constant. The effects on C p distribution, β, and ice shape are presented in Fig. 6a . Adjusting C m0 of the hybrid design changes the amount of camber in the hybrid airfoil while maintaining the leading and trailing-edges in the same relative position. Increasing the camber leads to a higher aft load and an increase in circulation and lift coefficient, moving the stagnation point location back on the lower surface and decreasing the ice-shape horn angle.
The nose droop angle was varied by 2° around the baseline case of -1° to determine its effect on the hybrid designs, while keeping C m0 , α, and SF constant. Results are shown in Fig. 6b . Adjusting the nose droop maintains the same nose angle but changes the overall effective angle of attack of the hybrid airfoil by moving the trailingedge location. Increasing downward nose droop leads to higher front loading and an increase in circulation and lift coefficient, also moving stagnation point location backward and decreasing ice shape horn angle.
Small changes in stagnation point location lead to significant differences in ice shape while maintaining reasonably close β distributions for all five designs (baseline, C m0 = 0.00, C m0 = -0.26, Nose droop = +1°, Nose droop = -3°). This indicates that the stagnation point location has a first order impact on ice shape.
Generally, an airfoil with highly negative nose droop risks separation on the upper surface, while an airfoil with high C m0 risks separation on the lower surface at the leading-edge extent. These trends were carefully checked with CFD solutions after every design, reiterating when necessary with a better balance between C m0 and nose droop to ensure no separation occurred. 
Effect of Leading-Edge Chord Extent
The full-scale ice accretion limits at α = 4° have normalized surface length coordinates s/c 0 of -13.9% on the lower surface and +2.5% on the upper surface which correspond, respectively, to x/c 0 = 15.0% and 0.6%. Four hybrid designs with lower-surface leading-edge extents of 3, 5, 10, and 15% are displayed in Fig. 7 .a to determine the full-scale ice shape prediction performance of the hybrid airfoils, holding nose droop, C m0 , 5% upper leadingedge extent, SF, and α constant. The respective LEWICE β distributions and ice shapes are shown in Fig. 7 .b and c. The 15% leading-edge extent maintains the full-scale leading-edge over the entire accretion region, while the 3, 5, and 10% extents truncate the airfoil before the lower-surface accretion limit. The upper surface ice horn remains largely unchanged by the change in lower-surface extents, corroborating the point that although droplet impingement limits stretch back as far as 15% on the lower surface due to the presence of the larger particles in the distribution, the proportion of water mass in these tails is small and thus little effect on the ice shape results. This supports the idea that using proper engineering judgment, upper and lower leading-edge extents can be chosen which do not fully encompass the impingement limits, since the goal is to match full-scale ice shapes with a hybrid airfoil. 
Effect of Scale Factor
The scale factor controls the length of the hybrid chord, which is primarily determined by acceptable wind tunnel blockage or model construction considerations. As the SF increases, hybrid model chord is reduced and the design of the aft section becomes more challenging due to the limits imposed by the full-scale leading-edge and the desire to maintain the same full-scale aerodynamic flowfield on the leading-edge. To study the effect of SF, airfoils with SF = 2, 3, 4, and 5, shown in Fig. 8a , were designed to α D = 2° to determine the effects on ice shape accuracy and evaluate the probability of flow separation. As the SF increased, the design required a slightly more negative C m0 and/or nose droop to match the stagnation point location and ice shape. The SF = 2 design had 5% upper and 10% lower, SF = 3 had 5% upper and 8% lower, and SF = 4 and 5 had 3% upper and 5% lower surface extents to accommodate the increased C m0 and shortened chord. While horn angles did not present significant changes for all designs, SF = 4 and 5 designs produced slightly longer upper and lower ice horns as shown in Fig. 8 .b. This increase in horn length is not directly associated to the increase in β max (peak of β curve of Fig. 8.d ), but instead to the higher C p peaks, Fig. 8 .c, in both upper and lower leading-edge regions, i.e., higher flow speed regions which consequently have higher heat transfer coefficients (Fig. 8.e) , causing the liquid water film freezing fraction to increase (Fig. 8.f) , having more water freezing in the horn regions (Fig. 8.b) . Fig. 8 .c, the larger the SF, the steeper the adverse the pressure gradients become, making them increasingly susceptible to flow separation. In order to check that there is no flow separation, the designs were simulated using 2-D RANS CFD methods. An example of a representative 2D mesh of a two-element hybrid airfoil utilizing T-Rex elements over the airfoil surfaces and unstructured elements elsewhere is shown below in Fig. 9 .
Figure 9. Overall CFD grid features: T-Rex elements on boundary layers, unstructured elsewhere
Initially, the chosen values of C m0 and nose droop for the SF = 4 and 5 airfoils showed separation on the upper surface due to highly negative nose droop angles. After reiterating the designs, a good balance between C m0 and nose droop was achieved (presented in Fig. 8 .a) while reaching the same stagnation point and ice shape, ensuring no flow separation except for a minute region at the trailing-edge of the SF = 5 hybrid design, as shown in Fig. 10 . This evidence of the beginning of flow separation for the SF = 5 hybrid indicates its applicability for higher angles of attack might be limited if the separation becomes more severe at these angles. The same SF effect study was extended to α D = 4°, but even after careful balanced redesign of the SF = 4 and 5 airfoils, significant trailing-edge flow separation continued to occur, Fig. 11 , indicating a potential angle of attack limitation for the chosen full-scale airfoil for SF equal to or greater than 4. Effect of Circulation Saeed 5 showed that circulation plays an important role in determining the droplet trajectories and impingement characteristics, mainly far from the airfoil. By writing the lift per unit span as a function of dynamic pressure, chord, and lift coefficient, and by using the Kutta-Joukowski theorem, the following relations of Eqs. (1) and (2) for the non-dimensional circulations ̅ of both full-scale and hybrid airfoils as functions of the respective lift coefficients non-dimensionalized by the local chord.
Dividing both equations yields the circulation ratio, Eq. (3), between the hybrid and full-scale airfoils as follows:
Based on his observations for a SF = 2 hybrid airfoil design for the Learjet 305 airfoil, 5 Saeed assumed this ratio to would have to be almost unity, 5 i.e. circulation match between the hybrid and the full-scale airfoils, in order to obtain similar droplet trajectories. This assumption was based on the desire to ensure full-scale trajectories in the airfoil farfield while maintaining the leading-edge surface velocity distribution would maintain the near-field trajectories. However, matching circulation would inherently limit the design of hybrid airfoils with larger scale factors since hybrid airfoils would require local lift coefficients to be equal to the local full-scale lift coefficient multiplied by the scale factor, which would inevitably lead to hybrid airfoil flow separation if attempting to maintain the same total lift as SF increases.
Interestingly, this trend was not observed in the present work for the designed hybrid airfoils that showed good ice shape similitude while matching the the full-scale airfoils stagnation point and β distribution. Instead, the trend observed was that when more lift is generated closer to the leading-edge, the flowfield around the leading-edge (stagnation point location and suction peak height) becomes more sensitive to changes in angle of attack or flap deflection, requiring less lift to yield the same stagnation point, β distribution, and match the ice shape. Note that keeping the same leading-edge geometry helps maintain the full-scale blockage or thickness effect on droplet trajectories. This result demonstrates the dominance of the near-field flowfield, represented by the stagnation point location, in determining the β distribution and ultimate ice accretion, in contrast to the relatively negligible influence of the farfield, represented by the value of circulation. This inviscid phenomenon can be explained with potential flow theory if one considers the analogy of replacing the airfoils by single concentrated lumped vortices with strengths (circulation) that lead to the same stagnation point location. Recalling Biot-Savart's law for the induced velocity at a given point by an infinite vortex element at a distance h from the point, Eq. (4), one would expect the required lift to maintain a constant stagnation point location to decrease with the inverse of distance of the lump vortex.
(4)
This idea will be demonstrated through three examples varying different parameters while maintaining the same stagnation point. 
Example 1
The first case study investigated the lift coefficient of three hybrid designs with the same stagnation point location as that of the full-scale airfoil at α = 4°, but with different combinations of nose droop and C m0 . In Fig. 12 .a, these respective hybrid designs are labeled CM0 (due to more camber than nose droop: C m0 = -0.32, Nose droop= +1.5°), BALANCED (due to balance between camber and nose droop: C m0 = -0.13, Nose droop = -1°), and NOSEDROOP (due to more nose droop than camber: C m0 = 0.00, Nose droop = -2.5°). All three designs had SF = 2, 5% upper and 10% lower leading-edge extents, and were run at α D = 4°. The three designs are shown in Fig. 12 .a. Fig. 12.a shows that the effect of having a design with more nose droop leads to a C p distribution with more lift closer to the leading-edge (more front load), while adding more aft camber through C m0 leads to more aft load. This correlates to placing the lump vortices closer to the leading-edge for the more front loaded airfoil (NOSEDROOP), and farther from the leading-edge to the more aft loaded airfoil (CM0), and so on. The lift coefficients displayed at the center of Fig. 12 .a were obtained integrating the closed area of the C p curve with x/c 0 from 0 to 1, which means all lift coefficients are non-dimensionalized by the full-scale chord c 0 , thus the ratio of Cl Hyb and Cl FS is in this case the circulation ratio between the hybrid and full-scale as defined by Eq. (3). As suggested by potential flow theory, the closer the lump vortex was to the leading-edge, the less circulation it required to match the stagnation point. The NOSEDROOP design required 57% of full-scale circulation, while BALANCED required 67%, and CM0 required 88%. All ice shapes are presented in Fig. 12.b , showing good agreement with the full-scale ice shape.
Example 2
The second case study assessed the lift coefficient for a single element hybrid airfoil compared to a two-element hybrid airfoil (main element with a flap) both with SF = 2, and designed to match the same stagnation point of the full-scale at α = 4°. The single element hybrid was designed using balanced C m0 and nose droop (C m0 = -0.13, Nose droop = -1°), while the two-element hybrid had the main element designed intentionally less loaded (C m0 = -0.04, Nose droop = +6°) so the flap deflection required to match the stagnation point (δ f = 10°) would yield a more aft loaded design. From Fig. 13 .a, it is observed that the single element hybrid airfoil requires only 67% of the full-scale circulation to match stagnation point due to lift generation closer to the leading-edge, while the two-element hybrid airfoil design requires 80% due to its greater aft load. The ice shapes are presented in Fig. 13 .b, showing good agreement.
Example 3
The third case study examined the effect of changing the scale factor (SF = 2, 3, 4, and 5) on the lift coefficient, for four hybrid airfoils that match the full-scale airfoil stagnation point at α = 2°. The four hybrid designs are the same as presented previously in the effect of scale factor.
From Fig. 14 .a it can be seen that the circulation dropped quite significantly with increasing scale factors, since the higher the SF, the closer to the leading-edge the hybrid airfoil must generate lift. Results show that hybrid lift (and circulation) of 39, 44, 54, and 76% of full-scale values were required to match the full-scale stagnation point for SF = 2, 3, 4, and 5. Fig. 14.b shows the respective ice shapes. The fact that all hybrid designs have very distinct circulation values supports the idea that there is no unique circulation value to match ice shape. Instead, additional evidence was found that matching stagnation point is a first-order parameter in ice shape match for hybrid airfoils. 
Effect of Flap on the Hybrid Design
Designing one airfoil for each angle of attack is not viable due to the large number of models that would be required. As an alternative solution, flaps can be employed to adjust the model to operate at off-design conditions, correcting the aerodynamic flowfield characteristics in order to obtain accurate ice shapes for models operating at angles of attack different from the design angle of attack. 23, 24 In order to demonstrate this capability, a hybrid main element was designed (C m0 = -0.04, Nose droop = +6°) with a flap with 1/3 of main element chord, so that the total chord of the main element and flap combined still yielded a scale factor of 2. Both gap and overlap were set to 1.5% of total hybrid chord. Two different flap deflections were calculated, one to match the stagnation point, Fig. 15 .a, and the other to match the lift of the full-scale airfoil, for 4 angles of attack: 0, 2, 4, 6°. The flap deflections required to match stagnation points were much lower than the deflections needed to match the full-scale circulations. Fig. 15 b, c, d , and e show the ice shapes of the full-scale airfoil at α = 0, 2, 4, and 6°, respectively, with the corresponding ice shapes of the single-element hybrid airfoils designed to the labeled angle of attacks (Hybrid α D = 0, 2, 4, 6°), and the ice shapes for the flap deflection that match stagnation point, as well as the ice shapes for the flap deflections that match full-scale circulation. Both single-element hybrid (Hybrid α D ) and two-element hybrid airfoils that match stagnation point presented satisfactory full-scale ice shape matching, while the flap deflections that match circulation generated increasing errors in ice shape horn angles as angle of attack increases.
Effect of Viscosity on Hybrid Designs
The use of flaps in the hybrid design can be extremely advantageous to provide off-design ice accretions and to help maintain attached flow at the more aggressive angles of attack. This point is illustrated by the two SF = 3 hybrid designs shown in Fig. 16 below at α = 6°, the one being a single-element design and the other an equivalent two-element configuration. Both were designed to reach the same stagnation point location. The single element airfoil shows trailing-edge upper surface separation as the boundary layer thickens over the upper-surface pressure recovery region and cannot withstand the high adverse pressure gradient near the trailing-edge region due to the significantly negative C m0 . In contrast, the boundary layer over the main element hybrid airfoil is thinner due to a less adverse pressure gradient and maintains attached flow over the flap surface. The velocity fields are shown with zoomed in boxes on the trailing-edge with streamlines are displayed in Fig. 16 .a for the single-element, and in Another alternative to match ice shapes is to use angle of attack to test a particular hybrid design at off-design conditions, 23 i.e., at an angle of attack different from that for which it was originally designed. In Fig. 17 .a, the hybrid SF = 2 designed for α D = 0° (C m0 = -0.10, Nose droop = 0°) is run at higher angles of attack in order to match the stagnation points of the full-scale airfoil at angles of attack of 2, 4, and 6°, requiring it be tested at angles of attack of 2, 5, and 8°, respectively, to match ice shape. The resulting C p distribution, β curve, and ice shape are presented for α = 2, 4, and 6° in Fig. 17 .b, c, and d, respectively. Once again, satisfactory β and ice shape matching were obtained. 
IV. Model-Design Trade-Offs
The ultimate goal of designing hybrid airfoil models for icing wind tunnel tests is to match the full-scale airfoil ice shape. An ideal hybrid airfoil model would produce full-scale ice shape similitude with no flow separation, minimum model load, and minimum wind tunnel blockage. Of course this is not an achievable design, requiring compromises in the design process. To accomplish the design using the method described in this paper, the designer has five hybrid airfoil design parameters: nose droop, C m0 , extent of the full-scale leading-edge section, scale factor, and flap design.
Matching ice shapes depends primarily on obtaining similar aerodynamic (and thus heat transfer) characteristics in the near-field region, stagnation point location being of first-order importance, and suction peak magnitude of second order. This can be accomplished varying the camber distribution (through C m0 and nose droop) or through the design and application of a flap.
The above aerodynamic conditions required for ice-shape matching might not be met if flow separation occurs. Flow separation affects the stagnation point location due to the decrease in lift generated by the airfoil, not to mention the possibility of inducing undesirable three-dimensional aerodynamic effects on the model, and significant unsteadiness in the flow. Designs can avoid or minimize flow separation by carefully controlling the location and intensity of adverse pressure gradients by varying the parameters C m0 and nose droop which control the hybrid model camber distribution. More front load, achieved by employing more negative nose droop, leads to higher risk of separation near the leading-edge, while more aft load, achieved by employing more negative C m0 or higher flap deflection, leads to higher risk of separation near the trailing-edge. Also, the higher the scale factor, the higher the chance of flow separation due to the reduced hybrid airfoil chord potentially leading to higher airfoil lift coefficients and therefore more required pressure recovery.
Another design constraint concerns the model loads, which may be constrained by limits imposed by the tunnel balance and turntable. Hybrid model loads can be compared directly by considering the hybrid airfoil lift coefficient based on the full-scale chord at the given design condition, but very different hybrid airfoil loads can be obtained while still matching the ice shape. For example, loads can be reduced while still matching the stagnation point and ice shape by increasing the scale factor (which forces airfoils to generate lift closer to the same full-scale leadingedge) and/or adding more front load through the addition of more negative nose droop. However, these same measures that decrease load increase the chance of flow separation.
Blockage effects should be kept to minimum levels while attempting to maintain wind tunnel flow speed and the airfoil aerodynamic characteristics as close as possible to the flight conditions, but unfortunately, a similar trade-off exists. Blockage can be reduced by either decreasing the hybrid airfoil thickness by reducing the full-scale leadingedge extent or decreasing the total model size by increasing the scale factor. Again these come at the cost of sacrificing the full-scale ice shape accuracy and increasing the chance of flow separation, respectively, requiring proper engineering judgment and inevitable model compromises.
Especially for large models, the effect of wind tunnel walls on model aerodynamics, droplet trajectories, and ice accretion should be considered in the final model design. Current research efforts include the use of 3-D CFD methods (including LEWICE 3D) to examine this effect on the hybrid model design and performance. Particular concerns include the potential model and sidewall flow separation due to the sometimes high lift coefficients of these large models. Future hybrid model design methods will incorporate wall effects into the design process. 
V. Conclusions
The use of hybrid (truncated) airfoils for icing wind tunnel testing was explored in this paper and found to generate full-scale ice accretions over a range of design parameters. The following conclusions can be drawn from this study:
 With the use of a flap, hybrid models can produce full-scale ice shapes for a range of angles of attack.
 The shorter chord length of the hybrid models allows not only wind tunnel tests to be performed with significantly less blockage, but also imposes lower aerodynamic forces on tunnel balances and turntables as a consequence of the reduced circulation due to more forward loading, as discussed.
 The limits of hybrid model scaling depend on the ability to maintain similar flowfield, aerodynamic, and heat transfer characteristics between full-scale and hybrid airfoils.
 Matching stagnation point was shown to be a first order parameter in matching the ice shape, while C p peak (suction peak) magnitude was of second order, correlating to the heat transfer coefficients near the horn regions.
 It was shown that there is no uniqueness in the relationship between stagnation point and lift coefficient for a hybrid airfoil design. In fact, different combinations of C m0 and nose droop angle produced the same stagnation point, and thus ice shape, with different loading and lift coefficients.
 A careful balance between C m0 and nose droop angle should always be sought when trying to match stagnation point and suction peak magnitude, also aided by proper judgment of adverse pressure gradients to avoid flow separation on either upper or lower surfaces.
 Leading-edge extents do not need to be maintained beyond impingement limits to produce good ice shapes. In fact, lower surface extents may be ahead of the lower limit of impingement. Thus, wind tunnel size constraints and engineering judgment based on information about the full-scale ice shape, impingement limits, icing conditions (how much runback is expected) should all be considered when selecting leadingedge extents.
 When carefully designed, hybrid airfoils with scale factors larger than 2 can be effective and offer considerable benefits, not the least of which is that they allow testing of large wing sections that would still be far too large for a wind tunnel even with a chord truncated by 50%. They also have the additional benefit of reducing loading, another consideration that can be a limiting design constraint for wind tunnel models. Higher scale factors up to 5 demonstrate good performance in producing full-scale ice shapes with much reduced loads, but their application is bounded to smaller angles of attack and careful attention is required in the design process to avoid severe separation. As ice accretes, separation becomes more severe suggesting that large SF hybrids may also not be suitable for long duration icing tests.
 Flapped hybrid designs offer additional benefits; first, they provide a method for running hybrids at offdesign conditions, allow fine tuning of hybrid for design condition, and provide favorable flow characteristics which can help maintain attached flow at higher scale factors.
 In the absence of a flap or flap deflection, the angle of attack of the hybrid airfoil can be varied to adjust the stagnation point location. Because stagnation point location has a first order impact on ice shape while other effects such as suction peak and 3D flow may have only a second order impact, varying the angle of attack to match stagnation point is a crude but effective method for matching ice shape.
